Fluorescence staining characteristics of "large vacuoles," i.e. vacuoles ranging up to almost cell size, were studied in suckling rats and pigs. In the distal epithelium of the small intestine of suckling rat, yellow autofluorescence and accumulation of o d y administered FITC-dextran were observed in the supranuclear vacuole. In both species the weakly basic amino dye acridine orange (AO) stained the nuclei at neutral pH bright yellow-green and the transport and digestive vacuoles bright red or orange. It is concluded that trapping and accumulation of the dye (red shift) were due to the acidity of the vacuolar interior. Assessment of the vacuolar pH in rat enterocytes is in agreement with published data on lysosomal pH values. Acidic buffers, lysosomotropic and destructive agents, or illumination with bright light induced irreversible fading of AO-stained vacuoles: the color of the porcine transport vacuoles was the most labile. This fading was used to differentiate vacuoles from other structures, e.g., vacuolar inclusion bodies and goblet cells. In suckling rat, staining characteristics of the gut epithelium changed on Days 19 and 20 of postnatal age. Detection of acidity in the distal (digestive) vacuoles supports the lysosome-like nature of their function. They appear to constitute an auxiliary, intracellular digestive system for the young animal. However, the function of acidity in the non-digestive transport vacuoles of newborn pig is unclear. ( J Histochem Cytochem  &:231-238, 1994) 
Introduction
Rat and pig, species frequently used as a human model, differ substantially from human in intestinal function and morphology in newborns and sucklings. In the conventional environment, acquisition of maternal antibodies is essential for the young. In humans maternal antibodies are transmitted across the placental barrier, whereas intestinal absorption of lacteal antibodies is dominant or exclusive in the young rat and pig, respectively, as reviewed by Brambell (1970) and Baintner (1986) .
In the distal half of the small intestine of the suckling rat the absorptive cells are morphologically unique. An intricate membranous organelle specialized for the uptake of macromolecules from the gut lumen comprises the apical part of the cell (Clark, 1959) ; this is the apical canalicular system (ACS). Hence, the macromolecules pass into the supranuclear vacuole (SV), which may range up to almost cell size. Brambell(1966) suggested that the vacuole functions as a giant phagolysosome and thought that lacteal antibodies are transmitted by the vacuolated epithelium (VE). Later, Supported by a grant from the Hungarian Academy of Sciences. Correspondence ta Dept. of Physiology, Faculty of Animal Science, Pannon Agricultural U., PO Box 16, 7400 Kaposvir, Hungary. however, it was shown (Abrahamson and Rodewald, 1981; Rodewald, 1980) that IgG is transmitted only across the proximal, white, nonvacuolated portion of the intestine. The process is mediated by Fc receptors, micropinocytosis, and coated vesicles. Antibody that is accidentally passed to the distal gut may enter the SV but cannot reach the circulation in a functional form. The disappearance of ingested proteins and vacuolar accumulation of indigestible markers, such as colloidal gold, iron saccharate (Clark, 1959) and polyvinylpyrrolidone (Clarke and Hardy, 1969) gives further support to the notion of vacuolar proteolysis.
Unlike the rat, the newborn pig does not make a distinction between antibodies and other proteins (Brambell, 1959) . Masses of colostral protein are transported across the intestinal epithelium in vacuoles ranging up to almost cell size (Comeline et al., 1951) during the first 1 or 2 days of life. The same cells have ACS on their luminal side (Mattison and Karlsson, 1966) . After the "closure" of protein transmission, immobile vacuoles were found in the distal intestine. These may have a similar digestive function to that in the rat.
A survey of the literature (Baintner, 1986) has shown that distal vacuolation is a general characteristic of young mammals, although in primates the vacuolated cells disappear in intrauterine life (Bierring et al., 1964) .
We have set up a tentative nomenclature for the vacuoles visi- (Baintner, 1986) . The characteristics of intestinal "large vacuoles" are summarized in Table 1 .
In the present work we used acridine orange (AO), a lysosomotropic fluorescent dye, to demonstrate that digestive vacuoles have an acidic interior in living enterocytes of suckling rat and pig.
The intestinal VE meets the requirements for an auxiliary intracellular digestive system in the young mammal. Transport vacuoles of the newborn pig are also acidic.
Materials and Methods
Approximately 60 Wistar rats, most from 14 to 16 days of age, were used. The piglets were Large White x Landrace crossings; four newborn (from night parturition), two %day, two 11-day, and two 16-day-old piglets; each from a different litter.
Rats and piglets were removed from the dam for 2 hr, then anesthetized with sodium pentobarbital, sacrificed, bled, and eviscerated. The rat small intestines were usually cut into halves and the porcine ones into 10 equal portions. The location of the samples was expressed as percentage of the distance between the pylorus (0%) and the ileocecal orifice (100%).
The intestinal portions were slit and gently rinsed in 0.9% NaCl solution to remove the gut content. Then the sample was transferred to fresh 0.9% NaCl solution and vigorously agitated with a glass rod for 3 min to detach the epithelium and/or the villi. The intestinal wall was discarded. A0 (Fluka; Buchs, Switzerland) buffered to pH 7.5 with 0.1 M phosphate was added in 1 mglml final concentration (unless indicated otherwise). Staining of the VE was followed by the naked eye. After 10 min the suspension was centrifuged at 500 x g for 4 min, the supernatant discarded, and the sediment re-suspended in 0.9% NaCl solution. The preparation was examined by fluorescence and light microscopy. Autofluorescence was examined in unstained preparations.
The pH dependence of A0 staining was examined at 0.5 pH intervals between pH 3-8. Phosphate buffer was used between pH 5-8, acetate buffer at pH 4 and 4.5, and glycine-HC1 at pH 3 and 3.5.
Intestinal epithelial cells were isolated in 1 mglml trypsin solution containing 10 mg/ml EDTA at pH 7.5. After incubation at 37°C for 15 min, the tissue was agitated with a glass rod, the crude sediment removed, and the supernatant centrifuged at 500 x g for 4 min. The supernatant con-taining trypsin-EDTA was discarded, and the sediment was re-suspended in saline and stained with A0 as described above.
In the rat experiments a Fluoval (Zeiss; Jena, Germany) fluorescence microscope and Ektachrom (Kodak; Rochester, NY) film (unless indicated otherwise) were used. In the pig experiments a Lyumam (Lomo; St Petersburg, Russia) microscope and ORWO Chrom UT 21 film (except indicated otherwise) were used. Isolated rat cells were photographed with ORWO Chrom UK 17 (40 ASA; "for artificial illumination").
Fixation in 8% neutral formalin, paraffin embedding, and hematoxylin-eosin staining were used for histological examinations.
Ten mg FITC-dextran (70 m) (Sigma; St Louis, MO) dissolved in 1 mlO.9% NaCl solution was administered to each of four 18-day-old rats. Four hours later the rats were anesthetized with sodium pentobarbital, sacrificed by decapitation, bled, and eviscerated. The gut was slit and gently rinsed in 0.9% NaCl solution; the mucosa was prepared as in the A 0 experiments.
Results

Suckhg Rat
As in earlier studies (Baintner and Veress, 1967) , marked vacuolation was found in the distal yellow-brown portion of the small intestine up to 3 weeks of age. The milky white proximal portion showed no vacuolation, whereas the middle part was transitional both in color and site of the vacuoles. In the small intestine, divided into five equal parts, the fourth portion had the most marked vacuolation, followed by the fifth. The presence of vacuoles in intestinal portions was shown by histological sections and in mucosal preparations by yellow autofluorescence due to vacuolar bilirubin. This autofluorescence could easily be suppressed by fluorescent tracers or dyes.
The indigestible macromolecular tracer FIE-dextran (70 KD) was readily taken up from the gut lumen by the VE in vivo and stained the vacuole bright yellow-green ( Figure 1 ).
Living vacuolated cells readily took up A 0 in vivo and in vitro from pH 7.5 phosphate buffer. Along the entire small intestine the nuclei were stained bright green, yellow-green or yellow (depending on the concentration of the dye), whereas the cytoplasm emitted a fainter green or brown fluorescence. In the villous epithelium of the distal small intestine bright red fluorescence dominated the cytoplasmic part of the cell (Figure 2 ). Further indications of the vacuolar nature of the fluorescence were provided by the supranuclear location, the well-defined globular form, the nearcell site, and the absence of fluorescence in animals older than 3 weeks. In the transitional middle intestine, one or more smaller vacuoles were observed instead of a single large SV. Staining also occurred at 0°C.
Exposure to blue light under the fluorescence microscope induced fading from red to orange, after which the fluorescence disappeared. If situated in monolayer, these cells took up the black of the background (Figures 3a and 3b ). The fading process, once started, usually ended in 15-40 sec and coincided with swelling of the cell. Outside the visual field, the cells faded up to several hours later. Isolated cells were much more sensitive to the illumination than those retaining tissue connections in broken villi or patches of epithelium. The nuclear fluorescence never faded, but increased in brightness after prolonged illumination. also be elicited by several other agents: 8% formaldehyde, 0.5 M ammonium chloride (Figure 4) , and low pH.
When extracellular pH was changed by adding buffer solutions with gradually decreasing pH values, accumulation of A 0 was progressively inhibited. Staining was substantial at pH 6, less at pH 5 , and failed at pH 4 or pH 3 ( Figures Sa-5c ). Tris-HC1 buffer, pH 9, was destructive to the epithelium. In other experiments (Figure 5d ), when cells were transferred from neutral to acidic buffer they lost the previously accumulated dye.
Fading was sometimes a consequence of an extrusion of the SV from the cell. Disintegration of the intestinal mucosa to single cells, patches of epithelium, or broken villi was much easier before 3 weeks of postnatal age than later. The most critical site of cell disintegration appeared to be at or just below the terminal bar, and only a thin layer of cytoplasm separated the vacuole from this site. We could observe a partial extrusion of the SV (Figure 6 ), followed by simultaneous fading of both the extruded and the internal part of the vacuole within 10-20 sec. Later, the external part was usually pinched off, resulting in "blebs" that often remained in loose contact with the cells.
After the vacuoles had faded, non-fading structures (e.g., interspersed goblet cells or intravacuolar inclusion bodies) could be observed (Figure 7b ).
In newborn rat the distal epithelial cells were more variable in staining and fading characteristics than those of the 14-16-day-old animal, possibly due to the presence of meconium granules (Figure 7a ) in the SVs of the terminal ileum. Some of these cells were also stained red in the subnuclear region. Enterocytes of assumed fetal origin were found in decreasing numbers up to approximately a week of postnatal age. This corresponds to the slow turnover of intestinal epithelium in the young rat (Clarke and Hardy, 1969) .
By the end of the third week of postnatal life, A 0 staining of the supranuclear vacuole became less intense, and the vacuolated cells became progressively limited to the upper part of the villi (Figures 8 and 9 ) and finally disappeared. Transition of the old epithelium to the new one ( Figure 7c ) usually took place in an allor-none fashion, without transitional cell types. During sample preparation the villi usually broke at the level of epithelial transition.
Post-closure Piglets
Post-closure (8-, 11-, and 16-day-old) piglets were used in these experiments. The distal third ofthe small intestine was brownish and the epithelial cells =re vacuolated and showed autofluoresunce, possibly due to accumulated bilirubin. However, both the brownish color and the autofluorescence were less marked than in suckling rat, and the vacuoles also *red histologically: several vacuoles of different sizes caused a "foamy" appearance in histological sections. These vacuoles were stained with A 0 at pH 7.5, but an orange color was produced ( Figure 10 ) instead ofthe bright red seen in rat preparations. The porcine vacuoles were more resistant to fading than the SV of the rat. No attempts were made to measure intravacuolar pH. The vacuoles disappeared bemen 11 and 16 days of age.
In the proximal small intestine the yellow-green nudear fluorescence dominated in preparations stained with AO. Interspersed goblet cells with non-fading orange color grew in number in the mid-intestine ( Figure 11) ; however, it was difZcult to identify them among the vacuolated distal cells.
Newborn P2;plets
With the exception of a colostrum-deprived control piglet, the piglets suckled sow's colostrum 2-4 hr before they were sacrificed.
In the colostrum-fed piglets, the progress of protein absorption was followed by the appearance of alimentary proteinuria. In the same animals, vacuoles of different sizes, filled with eosinophilic material, were demonstrated histologically in the small intestinal epithelial cells except in the colostrum-free terminal loops. The vacuoles were of different sizes, ranging up to nearly cell size. Most ofthe vacuoles were located supranudearly, but some had reached Figure 12. (a,b) Transport vacuoles stained red with A0 in preparations of jejunal epithelial cells from a newborn colostrum-suckled pig. Arrow shows overlapping vacuoles. Bar 4 40 pm. Figure 13 . AO-stained villous tip from the colostrum-free ileum (90%) of a newborn pig. Non-fading granular red staining, presumably due to meconium granules. Bar = 50 pm. I a subnuclear position. Eosinophilic vacuoles were not seen in the colostrum-deprived control piglet. Only faint background autofluorescence was seen in preparations from newbom piglets. When stained with A0 at pH 7.5, the nuclei showed yellow-green fluorescence in the epithelial cells. In the colostrum-fed piglets, in addition, globular bright-red structures ofalmost cell size appeared (Figures 12a and 12b) . These vacuoles rapidly faded on exposure to blue light, usually within 1 or 2 minutes.
In the long porcine intestine, the terminal ileum (at 90%) still contained meconium instead of colostrum when the animals were sacrificed. In this portion the cytoplasm of the enterocytes was dominated by granular, non-fading red structures when stained with A0 ( Figure 13 ). Similar structures were seen in the terminal ileum of the colostrum-deprived piglet.
Discussion
Suckling Rat and Post-closure Pig
In the rat the distal vacuolated part of the small intestinal epithelium took up the indigestible macromolecular tracer FIX-clextran, as in the experiments of Ekstrom et al. (1988) . The same vacuoles were stained bright red with AO.
In the present work prolonged illumination with blue light induced fading. Therefore, we succeeded in differentiating between two types of A0 staining: (a) attachment to DNA, mucus, or other structures, resulting in non-fading fluorescence, and (b) accumulation of the dye in the SV, resulting in stacking ("polymerization") of the planar molecules, followed by a color shift towards the red.
Acidic cell compartments, such as lysosomes (Moriyama et al., 1982; Zelenin, 1966) and vesicles of gastric oxyntic cells (Lee and Forte, 1978) , are stained red with AO. We conclude, therefore, that the SV also has an acidic interior. Once the weakly basic dye has crossed the vacuolar membrane in an uncharged form, protonation in the acidic compartment blocks the back-diffusion, and this trapping mechanism results in accumulation and polymerization of the dye. Distal vacuoles of the piglet accumulate less A0 than those of the suckling rat; this may indicate a pH difference between the vacuoles of the two species.
On exposure to blue light, A0 generates singlet oxygen, which damages biological membranes (Zdolsek et al., 1989) . The leaky membrane allows dissipation of the transmembrane proton gradient, with concomitant depolymerization and outflux of A0 and fading of the vacuole. A similar effect was exerted by ammonium chloride, which competes with amino dyes for protons. Acidic buffers may eliminate the polarization of the vacuolar membrane, or, at higher acidity, may simply destroy the barrier. The total eclipse of vacuolar coloration agrees with the intralysosomal pH (4.7-4.8) as determined in macrophages (Geisow et al., 1981; Ohkuma and We conclude that the "large vacuoles" in the distal small intestine have an acidic interior in both species. This finding agrees with the presence of cathepsins (Davies and Messer, 1984; Jones, 1972) and other lysosomal enzymes in the SV of rat (Shervey, 1966; Cornell and Padykula, 1965; Behnke, 1963) and of cathepsins in the distal vacuoles of pig (Brown and Moon, 1979) . Furthermore, the SV of the rat develops from lysosomal conglomerates during the late fetal period (Berendsen, 1979; Hayward, 1967) . Although exact measurement of intravacuolar pH was not performed in the present work, dependence of A 0 staining on the extracellular pH agrees with lysosomal pH values (Moriyama et al., 1982) . This supports the notion that vacuoles characteristic of the distal small intestine ("digestive vacuoles") constitute an auxiliary intracellular digestive system for the suckling animal. This digestive system has much in common with lysosomes. It appears that vacuolar digestion is less significant for the pig than for the rat.
As a physiological preparation for weaning to solid food, mammals undergo remodeling ofthe digestive tract d u i i g the late suckling period (Henning, 1981) . Upward-migrating non-vacuolated cells progressively restrict the vacuolated ones to the top of the villi and finally replace them completely (Baintner and Veress, 1970; Clarke and Hardy, 1969) . In rat, vacuolation progressively disappears on Days 19 and 20, at an age when the proximal small intestine becomes closed to passage of IgG and the activity of luminal digestive enzymes rises in both the stomach and the intestine (Robberecht et al., 1971; Furihata et al., 1972) . The two moderately acidic compartments of the young rat (stomach and intestinal vacuoles) are substituted by a single highly acidic compartment (mature stomach) later in life. In the piglet the vacuolated cells disappear between ll and 16 days of age, earlier than in the rat. Unlike lysosomes, "large" digestive vacuoles have never been purified. In some experimental approaches, however, their size may be advantageous for the study of intracellular digestion of proteins.
Newborn Piglets
The porcine transport vacuoles appeared after ingestion of colostrum; they did not show autofluorescence exceeding the background. The vacuoles accumulated A0 and, on exposure to blue light, were markedly more labile than the distal vacuoles of suckling rat and pig.
The bright red staining of vacuoles with A 0 at pH 7.5 indicates an acidic interior that may not damage colostral antibodies during transmission. Since the transport vacuole does not regularly contain,lysosomal enzymes (Brown and Moon, 1979) , the physiological function of intravacuolar acidity is unclear.
The non-fading granular structures that were stained red with A0 in the epithelium of the colostrum-free terminal ileum might be vacuoles filled with meconium granules. Poole, 1978) .
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Fading of vacuolar coloration may provide an opportunity to observe intravacuolar inclusion bodies (possibly digestive residues) and, in the newborn, meconium granules (Figures 7% 7b, and 11) .
In the distal small intestinal epithelium of the suckling piglet both vacuolation and staining with A0 were less marked than in the suckling rat. 
